The long-range action of surface-enhanced Raman scattering (SERS) is probed via distancedependent measurements of molecular Raman spectra. To this end, identical SERS substrates composed of irregular silver nanoisland arrays were covered by dielectric spacer layers with variable thickness, and the strength of the SERS signal produced from analyte molecules deposited on top of the structure was analyzed. The obtained distance dependence of the signal strength exhibited a shelf-like behavior up to 30 nm away from the enhancing surface and then rapidly decreased further away. Thus, the observed behavior of the electromagnetic mechanism of SERS enhancement in metal island films contradicts the widely accepted picture of extremely rapid (2-3 nm) decay of SERS-enhancement of 2D nanoparticle ensembles. Because of the observed steady enhancement factors at distances of ∼30 nm from the surface, SERS can be used for probing the spectra of macromolecules or other objects relatively distant from the metal surface.
1
surface-enhanced Raman scattering (SERS) has been thoroughly investigated as an amazing physical phenomenon itself and one of the most promising tools for analytical applications. The first perception of SERS as a giant enhancement over conventional Raman scattering in experiments of Jeanmaire, Van Duyne 2 and Albrecht, Creighton 3 was followed by an extensive theoretical and experimental analysis, searching for the most general explanation of the enhancement mechanism. The enhancement of Raman scattering signals from organic molecules absorbed on nanostructured metal surfaces and photoexcited in a certain spectral range has been shown to reach 6-10 orders of magnitude 2, 4 . Further enhancement of up to ∼14 orders of magnitude was observed on molecules residing in silver colloidal aggregates, enabling single molecule detection 5 . It is now generally agreed that more than one effect contributes to the total enhancement of Raman signals. The enhancement mechanisms are roughly divided into so-called electromagnetic (EM) field enhancement 6-8 and chemical first-layer effects [9] [10] [11] . The electromagnetic enhancement is caused by the enhanced local optical fields at the place of the molecule nearby the metal surface due to excitation of electromagnetic resonances, called surface plasmon polaritons. For isolated silver or gold spheroidal nanoparticles typical values for electromagnetic enhancement of SERS are on the order of 12, 13 
10
6 − 10 7 . For the more sophisticated case of closely spaced interacting particles (or clusters of particles), the individual dipole oscillators of the small particles couple, thereby generating normal modes of plasmon excitation that embrace the cluster. According to theoretical evaluations, the excitation is not distributed uniformly over the cluster but tends to be spatially localized in so-called "hot" areas [14] [15] [16] . Effects of chemical enhancement arise from the electronic coupling between the adsorbate molecule and the metal surface and excitation of adsorbate-localized electronic resonances (or charge transfer resonances). The chemical enhancement is valid solely for molecules in direct contact with the metal surface, and hence, it is referred to as a first-layer enhancement. The magnitude of chemical enhancement has been estimated to reach no more than two orders of magnitude 10 . The combined action of electromagnetic and chemical enhancement mechanisms is referred to as surface-enhanced resonant Raman scattering with multiplied enhancement coefficients.
Although both mechanisms combine their enhancements to reach better signal gains, probing them separately is crucial for understanding their physics. Electromagnetic enhancement is universal for all types of molecules and can be controlled and optimized by specially designed SERS-active nanostructures.
For applications of SERS in ultrasensitive detection, not only the values of the enhancement factor, but the range of action as well are key aspects. In the literature there is still some ambiguity concerning the last aspect of EM enhancement mechanism, what in a certain extent restricts the applications of SERS in analytical methodics.
In most previously published investigations of SERS distance dependence, the Raman-active adsorbate was spaced from the surface using self-assembled monolayers of long organic molecules chemisorbed to the metal surface and thus the overall effect was subject to interplay of chemical and EM enhancement mechanisms or even suffered from modification of the metal surface electron states. Several studies 17, 18 performed on long chains of alkanethiols attached to silver surfaces show that the enhancement for remote chemical groups vanishes at extremely short distances (2 − 3 nm), which is in accordance with the theoretically predicted power law 17 ∼ 1 + h r −10 derived for a chaotic array of noninteracting nanoparticles, where r is the mean radius and h is the molecule-to-surface distance. Experiments using spacers created on nanostructured surfaces by atomic layer deposition of Al 2 O 3 also show very short-range SERS enhancements 19 , possibly resulting from the modification of the metal surface properties during the atomic layer deposition process. Thus, in the above-mentioned cases it is unclear what type of SERS enhancement is probed -chemical, electromagnetic, or a combination of the two.
We present a study of SERS distance dependence that utilizes chemically passive, uniform spacer layers with controlled thickness. To this end, a silver-based, SERSactive surface is covered by a transparent dielectric layer of variable thickness, and analyte molecules are settled on top of the spacer. This approach enables a distinctive study of the pure EM properties of SERS enhancement, irrespective of the chemical enhancement aspects.
Experimental The experimental samples were prepared using thermal vacuum deposition. Polished silicon plates were used as wafers for deposition of layered metal-dielectric structures. The sequence of layers was as follows: (a)a relatively thick (50 nm) silver screening layer; (b)an insulating silicon monoxide (SiO) layer with a thickness of 15 nm; (c) a SERS-active nanoparticle layer formed by a silver island film with mass thickness of 6 nm; and (d) a SiO dielectric spacer layer with variable mass thickness, ranging from 0 to 60 nm. The final passivating layer was intended to separate the analyte molecules from the metal nanoparticles, and it was the primary parameter of the examination. The morphology of the first three layers in the SERS substrates and the deposition parameters (rate, pressure, and temperature) were fixed throughout the experiments. The heating power was kept constant to provide deposition rates of 0.5Å/s for Ag, and 1.5Å/s for SiO. The deposition pressure was lower than 5 × 10 −6 torr. The distance dependence of SERS enhancement was studied by varying the thickness of the passivating dielectric layer in different samples. The set of samples consisted of SERS substrates with passivating layer thicknesses varying from 0 to 60 nm, with increments of 10 nm. Additionally, the dependence was studied on the samples with continuously varying thickness of the passivating layer across the surface. These gradient samples benefit from guaranteed homogeneity of the SERS-active layers across the sample surface, with only one parameter being varied -the thickness of SiO spacer. To produce such gradient substrates during the singleload of a vacuum deposition camera, a specially shaped mask was utilized (See bottom inset of Fig.1 ). The basic layers (a),(b), and (c) were deposited while the opening in the mask was precisely against the substrate surface, allowing the particle beams to settle homogeneously onto the surface. After the SERS-active layer was deposited, the axial-symmetric mask was set to rotation with rate 15 r/min, and the time-averaged exposure for the passivating layer became a variable function of the radial coordinate in accordance with the mask profile.
The surface morphology of the samples was studied using an electron beam microscope (EBM) Jeol model JSM 7001F with a resolution of 1 nm. The gradient profile of the passivating layer across the substrate was defined by EBM analysis of the sample cross section. The gradient SiO layer was sandwiched between two 50-nm-thick silver layers, and the cross section of this structure was analyzed and evaluated by the EBM. The thickness calibration curve of the gradient profile was plotted in coordinates (radial displacement-thickness). Independently, the thickness calibration was evaluated numerically based on the shape of the mask, and both calibration curves are plotted in Fig.1 . Furthermore, EBM measurements were important for ascertaining that the SiO spacer layer is pinhole free and that it does not affect the characteristics of measured distance dependence. For this purpose, an additional 50-nm-thick layer of Ag was deposited on top of the passivating SiO layer to obtain an EBM-image with better contrast (See bottom-left inset of Fig.1) . By analyzing EBM images taken at different spacer thicknesses, we determined that the spacer layer is pinhole free at spacer thicknesses greater than 15 nm. Different types of analytes were used to probe SERS enhancement: Rhodamine 6G (R6G) and β-carotene dyes, and colorless adenosine. Rhodamine 6G and β-carotene were deposited on substrates by spin-coating 10 µL drops of 1 − µM and 10 − µM ethanol solutions at 4000 r/min until drying was complete. Adenosine was dried out from a 2 µL drop of 200 µM water solution. These representatives were chosen because of their qualitatively different properties as Raman-active agents: both dye molecules have strong Raman activity, but differ in fluorescence activity -Rhodamine 6G is fluorescent under 532 nm excitation as opposed to β−carotene at the same excitation. Colorless adenosine exhibits moderate Raman activity and is non-fluorescent. The distance dependence of SERS-enhancement on different types of molecules was tested in order to achieve a general view on whether resonant Raman enhancement plays a role in this effect.
Raman scattering experiments were performed at room temperature using the EnSpectr micro-Raman spectrometer with λ exc = 532 nm excitation. The laser (P = 10 to 200 µW ) was focused onto the sample by a 20X microscope objective. The laser spot, sized 5 µm, determined the spatial resolution of the surface-scanning method. The scanning was performed using the motorized XYZmicrostage Märzhäuser with a resolution of 0.1 µm. The exposure time for each spectrum was set as 1 s.
Results and Discussion Typical SERS spectra of analyte molecules are shown in Figs.2 and 3 . The data shown in Fig.2 for β−carotene and adenosine are obtained for the series of substrates with nominally fixed morphology of the SERS-active nanostructure and with different thicknesses of the SiO spacer layer. The enhancement coefficient of nonpassivated SERS substrates was estimated to be between ∼ 5 × 10 5 and 10 6 , typical for such silver nanostructures. The homogeneity of each substrate was investigated via x-y scanning of the signal. On length scales of 2x2 mm, the rms deviation of the signal was found to be less than 3%, including deviations in the enhancement coefficient and in the surface distribution of the deposited molecules. A waterfall spectra ( Fig.2A) explicitly displays the change in signal with increasing moleculeto-nanoparticle layer separation. The inset shows the dependence of the intensity of the strongest line with a Raman shift of 1525 cm −1 on the spacer thickness. The dependence is rather weak below the 30 nm separation, after which an abrupt collapse of signal is observed. Similar behavior is observed in the series of substrates with another analyte molecule -adenosine-applied using the 200 − µM water solution (Fig.2B) . Here, the intensity of the 735 cm −1 line was analyzed. Despite the common trend of the distance dependencies that is obvious from these data, some inconveniences are unavoidable in this scheme of experiments. They include fluctuations in the output parameters of the substrates for each process of vacuum deposition, fluctuations in the analyte molecule deposition conditions, and the few points in this dependence.
Therefore, we prepared and analyzed another type of sample, having SERS substrates with the spacer layer thickness increasing in a smooth gradient. Considering the characteristic length scale of the distance dependence, the parameters for vacuum deposition of the SiO spacer layer were chosen such that spacer thickness gradually increased from 0 to ∼50 nm, with a surface span of of data points along the bisecting line. The resulting smooth dependence is shown in Fig.3A . It exhibits shelflike behavior from 0 to ∼25 nm and decreases rapidly at distances greater than 30 nm. Similar dependence was observed for R6G molecules, as shown in Fig.3B .
Note that the absolute values of SERS signal per molecule and per unit power of optical excitation differ by orders of magnitude for the different molecules used. For colorless adenosine molecules, the SERS spectrum is the weakest, whereas for the R6G dye molecules with absorption maximum at 523 nm the SERS is resonant and the resulting cross section is stronger by nearly three orders of magnitude. Irrespective of these dramatic differences in SERS cross sections, all three types of analyte molecules manifest similar distance-dependence behavior with a critical length parameter of approximately 25-30 nm.
In essence the experiment proves that the applied method directly probes the EM mechanism of SERS enhancement and excludes aspects such as chemical enhancement of the "first layer" of molecules or any other resonant contributions to the signal. The distance range of SERS enhancement should depend on the morphology of SERS-active layers and reflect the surface plasmon localization properties.
A length scale of 30 nm substantially exceeds the mean radius of nanoislands, and thus, the measured distancedependence is in marked contrast with the well-known power law ∼ 1 + h r −10 theoretically predicted for the chaotic array of independent nanoparticles. However, the observed shelf-like dependence indicates the existence of a new lengthscale in metal nanoparticle ensembles. Since this length scale manifests in the EM enhancement range, and the EM enhancement is in turn caused by the field distribution of surface plasmon polaritons (SPP), one may conclude that, firstly, SERS enhancement is determined by the collective surface plasmon polaritons in ensembles of neighboring nanoislands, and secondly, the work range of SERS enhancement should be determined by the penetration depth of the SPP electric field to the dielectric media.
In order to estimate this attenuation length SERSactive layers of silver islands can be roughly modeled as a thin, flat metallic layer sandwiched between two dielectric slabs. According to classical electrodynamics, the penetration depth of the SPP electric field in the dielectric is
where λ 0 is the vacuum wavelength of exciting EM-field, ε m (ω) is the dielectric function of the metal, and ε d is the average dielectric constant of the surrounding dielectric.
In the case of silver islands surrounded by the 15 nm SiO layer and air and wavelength λ 0 ∼ 530 nm we substitute ε d ≈ 4, and from Ref. 20 , we use ε m ≈ −12+0.3i to obtain ℓ p ≈ 60 nm. Using these substitutions, we find that the length parameter for the EM-field intensity, probed in optical experiments, is half as long -ℓ I ≈ ℓ p /2 ≈ 30 nm -which is in reasonable agreement with measured values. 
Conclusion
In conclusion, this work studied the distance dependence of SERS enhancement of silver nano-island films. The layered Ag/SiO SERS substrates with fixed morphology were coated with an optically transparent passivating spacer layer composed of SiO, with variable thick-ness, and the signal dependence on the thickness of the spacer layer was studied. Different types of analyte molecules showed qualitatively coinciding results. The SERS enhancement reduced slightly (less than half) up to distances of ∼30 nm, after which it reduced abruptly. These results indicate that for such SERS substrates, enhancement coefficients on the order of 10 6 are primarily earned by long-range near-field effects and are independent of the effects from hot-spots localized in the narrow gaps between adjacent particles. Although the exact origin of the characteristic length scale of 30 nm is not clear now, the fact that it far exceeds the mean radius of silver nanoislands implies that the nature of field enhancement resides in the collective plasma response of particle arrays and not in individual particles. The length scale is presumably related to the spatial spread (or depth of penetration to the dielectric) of collective surface plasmon polaritons. To clarify this, additional research that inspects the SERS enhancement of nanoparticle agglomerations of different sizes is needed.
By employing the weak distance dependence of SERSenhancement of 2D nanoparticle arrays up to distances 30 nm, a new type of SERS-substrates might be developed with the passivating layer of chemically passive and optically transparent dielectric deposited on top of metal nanostructures of any quasi-2D morphology. Virtually all key enhancement properties of a SERS substrate should be preserved, yielding a surface that is cleanable, nonexpendable, and free of air degradation. This method of conservation may help extend the life of most effective and quite expensive (e.g., nanolithographically produced) SERS substrates, thus making them more profitable.
Another application of long-range SERS enhancement lies in the study of optical phenomena in low dimensional carrier systems based on solid-state structures. This method is applicable even if low dimensional objects are located at some depth-distance away from the surface.
